Aberrant DNA methylation is associated with the oncogenesis of a variety of human cancers, including endometrial cancer (eC), the seventh most common cancer among women. obesity is known to be a high-risk factor for EC; however, whether obesity influences DNA methylation in the presymptomatic uterus and if this influences EC development remain unclear. Here, we performed genome-wide DNA methylation analysis of isolated endometrial epithelial cells obtained from obese presymptomatic participants. Using the Illumina MethylationEPIC array (850 K), we identified 592 differentially methylated regions (DMRs), most of which undergo hypomethylated changes. these DMRs were enriched for pyrimidine metabolism, epstein-Barr virus infection, and B cell signaling pathways, indicating obesity-related dysregulation of certain metabolic processes in the presymptomatic uterus.
www.nature.com/scientificreports www.nature.com/scientificreports/ expression by regulating promoter activity. These clusters are known as CpG islands, and generally harbor a CpG content of 60-70%. Additionally, the methylation of CpG also takes place in the 5′-upstream and 3′-downstream regions of CpG islands, known as N-, S-shores, and N-, S-shelves within the gene body and in intergenic chromatin regions (called OpenSea) (for an overview of CpGs, see refs 7, 8 ). Aberrant CpG methylation has been observed in a variety of diseases such as diabetes, cardiovascular diseases and cancer 9, 10 ; the average methylation level of CpG sites in abnormal cells is sometimes increased (hypermethylation) or decreased (hypomethylation) compared to in normal cells. Such methylation changes have been observed in endometrial cancer 2, 11 . DNA methylation is also considered as a plastic/reversible cellular process. For example, obesity-related alterations in methylation in human skeletal muscle reverts to the normal methylation pattern after Roux-en-Y bypass, a treatment for obesity, indicating that DNA methylation depends on environmental risk factors 12 . Several risk factors for EC have been known, including age, obesity, diabetes, and postmenopausal hormone therapy; for example, obesity increases the rate of EC occurrence (risk ratio, 1.59) 13 . This epidemiology raises the intriguing hypothesis that high-risk factors induce aberrant DNA methylation, and when the factor is sustained, persistent dysregulation of DNA methylation may cause diseases. If this is the case, aberrant DNA methylation would be observed even when the disease-related symptoms have not yet emerged.
To explore this hypothesis, we prepared genomic DNA from isolated endometrial epithelial cells obtained from obese women, performed epigenome-wide association analysis (EWAS) using the Illumina MethylationEPIC array that covers >850 K of CpG sites, and identified differentially methylated regions (DMRs). Next, to examine whether the observed alterations remain in early-stage EC, we extracted DMRs in the tissue of early-stage EC using a publicly available database, and identified DMRs that overlapped between obese women and early-stage EC. Our study design is summarized in Supplementary Fig. S1 . This is the first study to use specimens of isolated (i.e., not mixture of different types of cells) human endometrial epithelial cells from presymptomatic obese women for EWAS. This analysis provides key molecular insights into the pathogenesis of EC through obesity-related dysregulation of epigenetic modification, and may be useful for developing disease-related biomarker(s) and/or drug-oriented compounds for preventing EC.
Materials and Methods
tissue collection. Tissue collection was approved by the Ethics Committee of Toho University (#26087).
Written informed consent was obtained from all participants who were Japanese women ranging from 25-to 45-year-old. The study participants included five normal-weight (body mass index; BMI < 25) and three obese (BMI > 30) participants. They were diagnosed with endometrial hyperplasia in the past but had normal endometrial epithelial cells according to cytological examination at the time of our study (Supplementary Table S1 ). Notably, no participants showed hyperplasia with atypia. Furthermore, the participants were not basically treated with any medication. All methods were performed in accordance with the relevant guidelines and regulations.
Cell culture of human endometrial epithelial cells. Human endometrial epithelial cells were isolated from the excised endometrial tissue comprised of different types of cells according to the previous report 14, 15 . Briefly, the excised endometrial tissues were minced and digested in 50 mL of 0.25% collagenase (Sigma, St. Louis, MO) and 0.005% deoxyribonuclease (Sigma) solution in DMEM/F12 medium at 37 °C for 90 min. After rinse, the tissue was triturated in DMEM/F12, and the cell suspension was successively filtered through a series of filter (250-, 100-, and 37-μm mesh size, Fisher Scientific, Waltham, MA) to remove endometrial stromal cells. Isolated endometrial epithelial cells were retained on the upper side of the 37-μm sieve and plated at a density of 0.5 × 10 6 cells/cm 2 onto two plastic culture plates, one of which was used for DNA preparation and the other for immunohistochemical analysis to determine the ratio of epithelial cells. Cells were maintained in DMEM medium containing 10% fetal calf serum, 30 ng/mL endothelial cell growth factor, and Pen/Strep, and the medium was exchanged twice per week.
Antibodies. Anti-cytokeratin 18 (CK18, Cell Signaling Technology, Beverly, MA) and anti-vimentin (Santa Cruz Biotechnology, Santa Cruz, CA) antibodies were used to detect endometrial epithelial cells, and endometrial stromal cells, respectively.
Immunohistochemistry. Cultured endometrial epithelial cells were fixed in 4% paraformaldehyde for 5 min at room temperature. After permeabilization and blocking with 5% normal goat serum, the cells were treated simultaneously with two antibodies (anti-CK18 antibody,1:100; anti-vimentin antibody, 1:100) at 4 °C overnight. After rinse, the specimens were treated with secondary antibodies (Alexa Fluor 594 and Alexa Fluor 488; 1:1000, Molecular Probes, Invitrogen, Carlsbad, CA) and nuclei-stained by DAPI (1 µg/mL; Dojindo, Kumamoto, Japan). Stained specimens were observed using either a conventional fluorescence microscope (Olympus, Tokyo, Japan) or inverted confocal laser microscope (LSM510; Carl Zeiss, Oberkochen, Germany) with an appropriate set of excitation and emission filters. The samples in which the population ratio of CK18+ cells (the number of CK18+ cell/the number of total cells) was >80% were used for subsequent DNA methylation analysis (Supplementary Table S1 ).
DNA methylation analysis. Cultured epithelial cells were recovered at ~21 days in vitro (DIV21) and genomic DNA was prepared according to a standard protocol (NucleoSpin, Takara Bio, Shiga, Japan). Genomic DNA (~1 μg) was bisulfite-treated using a DNA methylation kit (Takara Bio), and DNA methylation was analyzed using an Infinium MethylationEPIC array, with all other procedures conducted according to the standard Infinium HD array methylation protocol (Illumina, San Diego, CA, USA). This array contains >850,000 CpG sites covering regulatory genomic regions, including enhancers, transcription factor binding sites, and open chromatin regions 16 . Raw methylation data were quality-checked based on multiple steps built for control probes: staining, hybridization, extension, specificity, and subsequent statistical analysis was conducted using R (v3.1.1), www.nature.com/scientificreports www.nature.com/scientificreports/ and GenomeStudio Methylation Module (v1.8) available on GenomeStudio (v2011.1). Individual probes were then filtered based on the Illumina detection p-value and all CpG sites with a mean p < 0.05, [Abs(delta) >0.2 (i.e., >20% change of β-value) or LogRatio >0.6 (i.e., >60% change in the logarithm of the ratio of β-values)] were considered detected and used for subsequent analysis. The DMRs were annotated using UCSC RefSeq tracks. DMRs in stage I EC were extracted from the National Cancer Institute portal site (GDC portal, https:// portal.gdc.cancer.gov/). Probe information with signal data were converted and imported into GenomeStudio. The DMRs of obese vs normal-weight individuals and those of stage I EC were compared using GenomeStudio, and matched RefGenes were identified.
Gene ontology and pathway analysis. Gene ontology (GO) term and pathway analyses for RefSeqs were conducted using the DAVID functional annotation bioinformatics (DAVID Bioinformatics Resources v6.8; https://david.ncifcrf.gov) 17 , with reference to databases: the KEGG (https://www.genome.jp/kegg/kegg1.html) and the REACTOME (https://reactome.org).
Results
Morphological and immunological features of isolated endometrial epithelial cells. Cultured endometrial epithelial cells formed densely packed colonies with a polyhedral shape and showed a robust reaction with anti-CK18 antibody, but no reaction with anti-vimentin antibody ( Supplementary Fig. S2 ). In contrast, endometrial stromal cells showed a fibroblast-like elongated and more granular shape and reacted with anti-vimentin antibody, but not with anti-CK18 antibody ( Supplementary Fig. S3 ).
Overall methylation profile of endometrial epithelial cells of obese cases.
A box plot revealed a non-significant difference between obese women (BMI > 30, hereafter referred to as cases) and normal weight women (BMI < 25, hereafter referred to as controls) (Fig. 1a,b) . A density plot showed a bimodal methylation pattern with two peaks at lower and higher β-average ranges, which was similar between cases and controls. The results shown in these two plots suggest that obesity without obstetrical symptoms does not significantly affect the overall methylation profile. In contrast, tissue from the early stage of EC (stage I) showed a reduced methylation pattern in the box plot compared to cases and controls ( Fig. 1a) , indicating a profound change in the overall methylation profile in stage I of EC. Principal component (PC) analysis revealed that cases and controls were distinctly grouped (Fig. 1c , cases surrounded by dashed line). Additionally, a Scatchard plot revealed that a significant portion (>0.5% of total probes) of probes had different β-average values when we set the cutoff delta value to 0.2 (i.e., >20% change in β-value) between cases and controls (Fig. 1d ). These two (PC and Scatchard) analyses indicated significant alterations in the methylation pattern in endometrial epithelial cells from cases compared to those from controls.
Characterization of differentially methylated regions. Our analysis found 10,601 differentially methylated probes (DMPs) among 862,427 CpG probes, and the ratio of DMPs/total probes was ~1.2% (p < 0.05, delta >0.2)(data not shown). Among these DMPs, most exhibited a hypomethylated pattern in cases (~94% for RefGenes, ~96% for CpG sites; Fig. 2a,b) , while a small number (~1.2% for RefGenes, ~1.6% for CpG sites) exhibited a hypermethylated pattern. To investigate whether this preference of hypomethylated change (>90% of total changes) occurred within a specific β-average range or in the entire region, we compared the methylation levels of DMPs between cases and controls and found that hypomethylated changes in DMPs were pronounced in lower β-average value ranges (Fig. 2c) , suggesting that methylation sites at the low β-average range are more susceptible to demethylation processes associated with obesity. Among the genomic elements (i.e., promoter, exon, intron, intergenic), the distribution pattern of DMPs was almost similar to that of the original distribution of CpG probes in the MethylationEPIC array ( Fig. 2c in 16 ). An exceptional distribution was observed in the intergenic region [63% (hypomethylated) and 74% (hypermethylated), greater than 33% of the original distribution] (Supplementary Fig. S4 ). The distribution pattern of DMPs in the CpG contents was also similar to that of the original distribution of CpG probes in the array, except for the distribution ratios in the shore regions (e.g., 23%, summation of 12 for N Shore and 11% for C Shore, hypomethylated; Supplementary Fig. S4b ), which were greater than that of the original (11%) (Fig. 2c in 16) .
Characterization of differentially methylation in RefGenes promoter regions. To correlate DMPs
with genetic loci, we focused on differentially methylated RefGene promoter regions (DMRs) among the DMPs, and found 592 DMRs (p < 0.05). Table 1 shows the top 30 representative DMRs, together with the difference in β-values between cases and controls. The methylation levels in 23 of 30 DMRs were decreased significantly ( Table 1 ). The largest decrease in methylation level was observed for LCLAT1 (lysocardiolipin acyltransferase1, ~97% decrease), followed by CCL3L3 (C-C motif chemokine ligand3 like 3, 44% decrease) (Fig. 3) . Annotation by our Gene Ontology (GO) analysis showed that DMRs were enriched for cellular functions including chromosome, mitotic spindle, polyubiquitination, acetyl-CoA biosynthetic process, apoptotic signaling, and NIK/ NF-kappaB signaling (Supplementary Table S2 ), suggesting that obesity affects certain cellular events in the presymptomatic uterus.
pathway analysis of DMRs. To specify biologically relevant pathways among the obesity-associated methylation cellular events, we performed the KEGG pathway analysis using DMRs, and found that DMRs were significantly enriched in three pathways (p < 0.05): (i) pyrimidine metabolism, (ii) Epstein-Barr (EB) virus infection, and (iii) B cell signaling pathways (Supplementary Fig. S5 ). Similar to the overall characterization of DMRs, the methylation levels in many genes decreased (i.e., 9 of 11 genes were hypomethylated, whereas the rest were hypermethylated). In the pyrimidine metabolism pathway, the methylation levels of UCKL1 (uridine-cytidine kinase 1) and CTPS1 (CTP synthase 1) increased, while those of POLR3A (RNA polymerase III), RRM2B
www.nature.com/scientificreports www.nature.com/scientificreports/ (ribonucleoside-diphosphate reductase subunit M2 B) and DUT (deoxyuridine triphosphatase) decreased in the cases. In the EB virus infection pathway, POLR3A and HDAC1 (histone deacetylase 1) showed a decrease in methylation levels; and in the B cell signaling pathway, ATF2 (activating transcription factor 2), IL10R (interleukin 10 receptor subunit alpha), NFkappaB2 and EIF2AK4 (eukaryotic translation initiation factor 2 alpha kinase 4) showed decreased methylation. Thus, obesity may induce dysregulation of these signaling pathways, rendering the endometrial epithelial cells susceptible to disease development (see Discussion). We also performed pathway analysis using another database (REACTOME), and found that HDAC1 is shared between both databases (KEGG and REACTOME), suggesting obesity-associated dysregulation of HDAC1-related signaling pathways (data not shown).
overlap of DMRs between obese cases and early stage of endometrial cancer. We considered that progression of aberrant methylation in persistent obesity may lead to EC occurrence. If so, the responsible gene(s) should, at least, overlap between the presymptomatic obese cases and samples from early stage EC. To examine this potential overlap of DMRs, we first extracted DMRs (total of 39,804 RefGenes) in stage I EC from a publicly available database (n = 41, n = 26 for stage I, and normal, respectively; p < 10 −9 , the value below the Bonferroni corrected one), and found that 54 genes overlapped with DMRs in our study (Fig. 4a) . The methylation levels of overlapped DMRs were often low, indicating that obesity-associated changes preferentially occurred in CpGs whose methylation levels were low. GO analysis revealed that the overlapped DMRs were enriched in genes involved in chromatin binding, transcription factor binding, and neural development (p < 0.05) (Supplementary Table S3 ). Furthermore, we carried out functional pathway analysis to investigate the potential shared metabolic processes in obesity and EC pathogenesis using 54 overlapping DMRs. KEGG pathway analysis showed overlap of POLR3A and HDAC1 in the EB virus infection pathway, and ATF2 and EIF2AK4 in the B cell signaling pathway (Fig. 4c and Supplementary Table S4 ). All four of these shared DMRs were hypomethylated www.nature.com/scientificreports www.nature.com/scientificreports/ both in cases and the stage I of EC; furthermore, the degree of hypomethylation was greater in the stage I of EC compared to that in cases, suggesting that an enhanced level of hypomethylation is correlated with EC occurrence (for a proposed model, see Supplementary Fig. S6 ).
Discussions
Obesity is associated with active but low-grade inflammation, and recent EWAS identified a set of candidate genes that couple obesity and tissue malfunction through epigenetic dysregulation of gene expression 12, [18] [19] [20] , although the molecular mechanism whereby obesity induces dysregulation of DNA methylation has not been elucidated. The set of candidate genes comprise >180 genes in blood cells, >120 genes 21 and >700 genes in adipose tissue 20 , which confirms that lifestyle-and environmental-factors regulate global epigenetic modification, affecting a wide www.nature.com/scientificreports www.nature.com/scientificreports/ variety of cellular processes such as immune/inflammatory signaling, stress response, vesicle transport, apoptosis, and cAMP signaling. Consistent with prior research using other tissues, our study revealed that obesity induces substantial methylation changes (mostly hypomethylation) in endometrial epithelial cells: to our knowledge, this is the first study to perform EWAS using such cells. We compared DMRs identified in our present study and those previously reported, and found that GCA (grancalcin) 22 and MAD1L1 (mitotic arrest deficient 1 like 1) 23 overlapped in our study. This low amount of overlap (2 of 592) between our study and previously reported research may be due to the difference in the DNA source: endometrial epithelial cells in our study, as compared with peripheral blood cells, and/or adipose tissues in the past studies. The observed differences may be correlated with tissue-specific patterns of epigenetic regulation. www.nature.com/scientificreports www.nature.com/scientificreports/ Our pathway analysis revealed several genes in three pathways in which DMRs were enriched: (i) pyrimidine metabolism, (ii) B cell signaling, and (iii) EB virus infection pathways (Supplementary Fig. S5 ). Pyrimidine metabolism is known to be influenced by obesity 24, 25 , and epigenetic modification of pyrimidine metabolism may affect the cell cycle, differentiation, and proliferation through regulation of DNA and RNA metabolism, including non-coding RNAs and microRNAs 24 . The B cell signaling pathways is also known to be involved in obesity. In obese mice, chemokines secreted from adipocytes stimulate pro-inflammatory B cells, impairing B cell function 26 . This is the first study to demonstrate the potential dysregulation of the EB virus infection pathway in obesity. Notably, nearly all adult women in Japan and USA have experienced a previous EB virus infection: >90% of adult women are seropositive for the EB virus 26, 27 . This suggests that participants in our study were likely infected with the EB virus, and EB virus signaling in endometrial epithelial cells was modulated in an epigenetic manner in obesity. Thus, obesity appears to regulate global epigenetic modification, particularly affecting three pathways and allowing the tissue to develop obesity-related comorbidities, including cancer.
GENE-SYMBOL
We extracted DMRs in stage I EC from a publicly available database, compared these with the DMRs in our study, and found 54 shared DMRs (Fig. 4a) . Our pathway analysis of 54 DMRs revealed enrichment in two pathways: (i) EB virus infection and (ii) B cell signaling pathways (Fig. 4b) . Recent studies showed that EB-virus infection is involved in gastric oncogenesis through epigenetic modification of intracellular signaling in gastric epithelial cells 28, 29 , although the underlying molecular mechanism remains unclear. B cell signaling is known to be regulated by numerous transcription factors, including hypoxia-inducible factor (HIF), the methylation level of which is associated with obesity 18 . Alterations in HIF methylation may lead to changes in its expression level, impairing B cell signaling to cause oncogenesis of EC. Notably, epigenetic repression of connexin 43, a gap junction protein, contributes to obesity-associated EC development 30 . Decreased methylation in four RefGenes (POLR3A and HDAC1 in the EB virus infection pathway, ATF2 and EIF2AK4 in the B cell signaling) was enhanced in stage I EC (Fig. 4c) compared to in the healthy but high-BMI participants in our study. Interestingly, this suggests that persistent obesity may exaggerate epigenetic dysregulation and hamper these signaling, contributing to the oncogenesis of EC (see model in Supplementary Fig. S6 ). If so, renormalization of DNA methylation of the genes whose methylation has been changed in obesity would be absolutely critical for preventing EC oncogenesis, because the methylation is considered as a plastic/reversible cellular process (see Introduction). Unfortunately, this work does not address the molecular mechanism of dysregulation of DNA methylation that leads to EC oncogenesis. Human obesity-related gene expression omnibus data for endometrial epithelial cells are not yet publicly available; therefore, we could not validate the effects on expression of the identified gene.
Future study is needed to examine whether changes in the DNA methylation level induces the expression of the genes detected in this study. Additionally, comparison of CpG sites of shared RefGenes (i.e., POLR3A and HDAC1 in EB virus infection pathway; ATF2 and EIF2AK4 in B cell signaling) and the location of single-nucleotide polymorphisms (SNPs) showed that none of the four DMRs were condensed within SNP clusters ( Supplementary Fig. S7 ), suggesting that changes in methylation array signals are unlikely due to DNA sequence variation, but rather to altered methylation. It is, however, necessary to verify which CpG sites are most correlated with the oncogenesis of EC. www.nature.com/scientificreports www.nature.com/scientificreports/ In conclusion, we identified substantial alterations in DNA methylation in endometrial epithelial cells in obesity, and found enrichment of the DMRs in several pathways. In addition, we showed that this altered methylation in the DMRs is shared with stage I (early stage) of endometrial cancer, and the degree of hypomethylation is greater in EC. These findings suggest that obesity causes dysregulation of methylation, exerting detrimental effects on certain metabolic pathways, further contributing to the oncogenesis of EC. Our study also reveals the potential of these DMRs to function as biomarkers for the development of EC and to be targets for novel drug development for cancer prevention.
Data Availability
Our DNA methylation data have been submitted to the NCBI Gene Expression Omnibus under Accession Number GSE122148.
